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Adhesive systems are resin-based materials that reach their final mechanical properties

through a polymerization process. Previous literature correlated the failure of the adhe-

sive  interface to low polymer setting. Adhesives systems are elaborate mixtures of different

molecules of both hydrophilic and hydrophobic nature, included in the formulation to ade-

quately infiltrate the complex dental substrate or added to prolong the stability of the

adhesive layer over time. Each adhesive component may influence the polymerization reac-

tion of the material. Photopolymerization is a complex reaction that has several clinical

implications, and besides the material composition, it is influenced by multiple factors,

including the substrate characteristics, the operator technique, and the light cure unit prop-
olymerization

dhesive systems

dhesive monomers

uring lights

erties. This review is focused on the analysis of factors that have a potential role in the setting

of  adhesive materials and thus the ultimate characteristics of the adhesive layer and the

stability of the resin-dentin interface.

© 2018 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
ization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

2. Monomers and hydrophilicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

3. Photoinitiators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4. Solvents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5. The influence of MMPs  inhibitors on adhesives polymer
6. Pre-treatment agents of the dental substrate . . . . . . . . . . . .
7. Intraradicular polymerization of adhesives . . . . . . . . . . . . . .
8. Curing lights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9. Polymerization technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

∗ Corresponding author at: Department of Medical Sciences, University
E-mail address: mcadenaro@units.it (M. Cadenaro).

ttps://doi.org/10.1016/j.dental.2018.11.012
109-5641/© 2018 The Academy of Dental Materials. Published by Elsev
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

 of Trieste, Piazza Ospedale 1, 34129, Trieste, Italy.

ier Inc. All rights reserved.

https://doi.org/10.1016/j.dental.2018.11.012
http://www.sciencedirect.com/science/journal/01095641
www.intl.elsevierhealth.com/journals/dema
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dental.2018.11.012&domain=pdf
mailto:mcadenaro@units.it
https://doi.org/10.1016/j.dental.2018.11.012


 l s 3
e2  d e n t a l m a t e r i a

1.  Introduction

Adhesive systems significantly revolutionized operative den-
tistry, allowing dental procedures that were considered
unimaginable in the past without creating a retentive cav-
ity and sacrificing sound dental structure. Adhesive systems
provide an immediate bond to the tooth substrate, and since
the brilliant intuition of Buonocore in 1955 [1] on the applica-
tion of the acid etching technique to dental enamel, adhesive
dentistry has come a long way.

All adhesive systems are resin-based materials able to
adhere to enamel and dentin on one side of the interface and
to bind to a composite restoration or composite cement on
the other side, thanks to a copolymerization process at the
adhesive-composite interface. This process is similar for all
the adhesive systems, and it allows the sub-optimal polymer-
ized upper layer of the adhesive resin, containing unreacted
methacrylate groups (because of the exposure to oxygen,
inhibiting the polymerization), reacting with the resin com-
posite [2,3].

Adhesion to enamel and dentin, on the other hand, can be
accomplished through two  different strategies: the etch-and-
rinse technique and the self-etch or etch-and-dry technique
[4,5]. In spite of their different approaches, both adhesive
strategies rely on the development of micro-retentive resin
tags on the enamel substrate and the formation of a hybrid
layer or interdiffusion zone (composed of demineralized
collagen fibrils immersed in the adhesive resin matrix) at
the dentin-adhesive interface [6–8]. The inorganic dentinal
matrix is replaced by adhesive monomers that become inter-
locked between the collagen fibrils after polymerization [9,10].
Besides micro-mechanical retention, some self-etch adhe-
sives with higher pH (mild self-etch adhesives) are also able to
chemically interact with the hydroxyapatite calcium covering
the collagen in partially demineralized dentin [5,11,12].

Due to the complexity of the dental substrate and the
different characteristics of enamel and dentin, dental adhe-
sive systems need to contain different moieties to prepare
the substrate and interact with the different components
of the tooth surface, because hydrophobic resin monomers
cannot infiltrate hydrophilic dental tissues. Thus, adhesive
systems must provide demineralization of enamel and dentin,
elimination/alteration of the smear layer (depending on the
adhesive system strategy) produced during tooth preparation,
adequate wettability of the demineralized surface, penetra-
tion and infiltration of the adhesive monomers into the dental
porosities and then adequate curing of the polymer [13]. For
these reasons, adhesive systems contain an acid or etching com-
ponent,  able to demineralize both enamel and dentin; a primer,
which is a compound containing amphiphilic molecules
(i.e. with both hydrophilic and hydrophobic characteristics)
and solvents, favoring the infiltration of the hydrophobic
adhesive monomers, especially between the dentin collagen
fibrils, which are very hydrophilic [4,14,15]. The primer pene-
trates into the demineralized dentin surface making it more
hydrophobic for the bonding resin. The adhesive also called

the bonding agent or bonding resin is based on hydrophobic
monomers that infiltrate the demineralized surface [14,15]
creating a micro-mechanical interaction with enamel and
 5 ( 2 0 1 9 ) e1–e22

dentin on one side and able to copolymerize with the com-
posite monomers on the other side. This interaction forms
the base of the bonded interface between the tooth and
the restorative or luting material [16], which should have
characteristics of insolubility and resistance to degradation
in the oral environment [17,18]. Typically, these three main
components can be used separately (three-step etch-and-
rinse adhesives) or mixed together in two products (two-step
etch-and-rinse adhesives and two-step self-etch adhesives)
or one bottle only (one step self-etch adhesives) [14]. The
current demand in dentistry is to simplify adhesive pro-
cedures through the reduction of both clinical application
time and steps. Following this tendency, universal or multi-
mode adhesives that can be used in self-etch, etch-and-rinse,
or selective-etch mode have been recently introduced. They
resemble self-etch adhesives in composition as they contain
acidic monomers [15] and are characterized by chemical inter-
action with dentin hydroxyapatite [19–25].

Despite the different adhesive strategies, the number of
clinical steps and the variety of commercial products available
on the market, all adhesive systems contain similar com-
ponents. The proportion of the ingredients included in the
various adhesive systems is the main aspect responsible for
their differences, even though manufacturers usually tend
not to divulge the exact composition of the marketed adhe-
sives, especially if they contain patented compounds [13].
Each constituent is added with a specific purpose: adhesive
systems are a combination of hydrophilic and hydrophobic
resin monomers, solvents, photoinitiators, and in some cases
filler particles [13,15] to increase strength and reduce poly-
merization shrinkage [15]. Other additional molecules may be
included, especially to prevent degradation of the adhesive
interface and prolong its durability [14,26,27].

Ideally, the adhesive-dentin interface should remain sta-
ble over time, guaranteeing adequate bond strength, marginal
seal, and clinical durability [28]. It has been estimated that
composite restorations have an average lifetime of 6–7.2 years
[29–32] and one of the primary reasons for replacement, which
has not changed in the last 35 years, is secondary caries [33].
Secondary caries is strongly correlated with a weak adhe-
sive interface and as a matter of fact, all adhesive systems
have been shown to be somehow unstable and susceptible to
degradation, which may be responsible for partial failure of
the bond to the tooth leading to marginal leakage and sub-
sequent loss of retention of the restoration [4,5,27,28,34–39].
A two-fold mechanism is implicated in the adhesive interface
degradation, based both on the deterioration of collagen fibers
[40,41] and the hydrolysis of the adhesive resin [19,20,25]. The
demineralization of the dental substrate produced by the etch-
ing procedure which leaves exposed collagen fibrils, as well  as
the exposure to dentinal fluid and saliva components such as
water, enzymes, and acids, are all involved in these degrada-
tion mechanisms [14,18,27].

As dental adhesives are resin-based materials that achieve
their final properties after the setting of the polymer, a fail-
ure of the adhesive layer may be a consequence of inadequate

polymerization of the material, and each component added to
the resin mixture could potentially influence the polymeriza-
tion reaction and the ultimate characteristics of the adhesive
[13]. Photopolymerization is a clinical procedure that has sev-
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ral implications and is more  complex than it seems. If the
esin material is not properly cured, poor physical properties
ill be achieved [42–44]. Adequate polymerization of adhesive

esins has been clearly correlated with their stability [45,46].
he mechanical properties of light-cured materials depend
n the curing efficiency, which is influenced by several fac-
ors, including the characteristics of the material, the operator
echnique and the quality of the light curing unit [47].

The aim of this paper is to analyze the polymerization of
dhesive systems and the role of the different factors that
ight affect polymer curing, and thus the ultimate stability

f the resin–dentin bonds.

.  Monomers  and  hydrophilicity

ental adhesives are composed of monomers that are similar
o those used in dental composite materials (Table 1), guaran-
eeing a strong bonding between the adhesive layer and the
esin composite. Bisphenol-glycidyl methacrylate (bis-GMA)
s the most common monomer used as the bonding com-
onent of dental adhesives and has been shown to work as
n excellent bonding agent when applied to enamel. How-
ver, as the dentin substrate is intrinsically hydrophilic due
o its moist nature, very hydrophobic monomers like bis-
MA  are not able to infiltrate it well after demineralization

15]. For this reason, more  hydrophilic monomers are usu-
lly used as primers in dental adhesives to enhance wetting
roperties. For instance, hydroxylethyl methacrylate (HEMA)

s totally miscible in water, and a mixture of Bis-GMA and
EMA is frequently employed in dental adhesive systems to
rovide intermediate characteristics of hydrophilicity [15,16].
everal other monomers have been included in adhesive sys-
ems following the continuous evolution and innovation of

aterials (Table 1). In general, the hydrophilicity of the poly-
er  can be increased through the addition of functional

roups such as ethyl, methyl or hydrogen to replace amide,
hosphate, carboxylic and hydroxyl groups and through the

ncorporation of ether and ester linkages. Monomers charac-
erized by the presence of amino, hydroxyl, alcohol, and acidic

oieties are usually added to obtain a chemical interaction
ith the dentin collagen and hydroxyapatite [15]. However,
ethacrylate adhesives containing hydrophilic groups, such

s urethane, hydroxyl, phosphate, ester, and carboxyl moieties
13], are more  susceptible to hydrolysis in the oral environ-

ent [48], due to water sorption in the adhesive layer which
ay behave as a permeable membrane [39,49–52]. A diffu-

ion of water through the loosely cross-linked polymers or
ydrophilic regions at the base of the bonded interface [53,54]

eads to the formation of channels in the adhesive layer, in
hich water is able to flow more  freely [27], causing a rapid
egradation of the hydrophilic domains at the adhesive inter-
ace [26,55] and potentially the breakage of ester bonds in
he methacrylate resin [17,27,56]. Plasticization and swelling
f the adhesive layer induced by water may further increase
he penetration of salivary esterases that can accelerate the

ydrolytic process, which is considered one of the main rea-
ons for the failure of the hybrid layer over time [26,57]. Resin
ydrolysis is also responsible for the exposure of collagen,
hich is then exposed to the action of proteolytic enzymes
 ( 2 0 1 9 ) e1–e22 e3

of dentinal origin, causing the deterioration of the collagen
fibers, the other main process involved in adhesive failure
[58–60] compromising the long-term integrity of the bonded
interface [14,27,49,51].

The water exchange and hydrolysis can likewise cause
leaching of potentially toxic components from the adhesive
resin, such as unreacted monomers, free radicals, and pho-
toinitiators. As a consequence, allergic reactions and irritation
phenomena involving the tooth pulp and the oral mucosa
have been related to the elution of toxic derivatives from the
degraded polymers [47,61,62].

Previous studies have demonstrated the presence of per-
meable microdomains composed of hydrophilic and/or acidic
functional groups in the adhesive layer using a silver tracer
that is able to reveal the presence of nanoleakage [63]. These
silver-infiltrated permeable zones within the resin layer are
considered the expression of the hydrolytic process [63], which
has been related to a poor polymerization of the adhesive
resins [45,46,64,65] (Fig. 1).

Similar to all resin materials, adhesive systems also acquire
their final properties through a polymerization process, char-
acterized by the conversion of carbon-carbon double bonds of
the monomers into carbon–carbon single bonds connecting
one monomer to another, forming a long chain and interchain
crosslinks, which transform the initial monomers into a stiff
and strong polymer [15].

In light-curing or photo-curing materials, polymeriza-
tion can be obtained through the exposure of the adhesive
monomers to a photo-curing light of sufficient output and
appropriate wavelength, which must match the wavelengths
absorbed by the photoinitiator (generally camphorquinone)
included in the adhesive for this purpose [66]. As an alterna-
tive, typically when light cannot reach the resin monomers,
a chemical-activated reaction (self-curing) can be used. A
combination of photo and self-curing polymerization is also
possible in dual-curing materials [15].

The extent to which the adhesive monomers are converted
into a polymer is responsible for the length of the polymer
chains, which, in turn, determines the final strength of the
polymer [67]. For this reason, adhesives must be properly light-
cured following the manufacturer recommendations to obtain
a stable bonded interface.

Independent of the adhesive type and the number of
steps necessary for its application [27,60], sub-optimal poly-
merization followed by permeability to water movement
[45,46,68], is an issue potentially affecting all types of adhe-
sive systems (Fig. 2), though it is more  pronounced in
simplified systems (e.g., two-step etch-and-rinse, one-step
self-etch systems) due to the inclusion of greater amounts
of hydrophilic monomers [45,46,68]. On the contrary, adhe-
sive systems based on solvent-free hydrophobic monomers
show a more  complete polymerization and lower permeabil-
ity [45]. Two-step etch-and-rinse adhesives are characterized
by sub-optimal polymerization and increased permeability,
which leads to water sorption, reduced mechanical prop-
erties [69] and increased nanoleakage [50,55,70]. One-step

self-etching adhesives in their initial formulation, have also
been shown to be less polymerized than multistep adhe-
sive systems, thus showing increased permeability [45,46].
Acidic monomers of self-etch adhesives may chemically react

https://doi.org/10.1016/j.dental.2018.11.012
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Table 1 – Abbreviations and molecular structure of main components used in adhesives.

Monomers Structural formula
MMA

Methyl methacrylate

HEMA
2-Hydroxyethyl methacrylate

HEMA-phosphate

2-Hydroxyethyl methacrylate phosphate
MMEP
Mono-2-methacryloyloxyethyl phthalate (sometimes also

called PAMA: phthalic acid monomethacrylate)

PAMM

Mono(2-methacryloxy-1-hydroxy)ethyl phthalate
NGT-GMA

N-Tolylglycine glycidyl methacrylate or N-(2-hydroxy-3-((2-
methyl-1-oxo-2-propenyl)oxy)propyl)-N-tolyl
glycine

4-META

4-Methacryloyloxyethyl trimellitic anhydride
4-MET

4-Methacryloyloxyethyl trimellitic acid
GDMA

Glycerol dimethacrylate
GPDM

Glycerolphosphoric acid dimethacrylate

HDDMA
1,6-Hexanediol dimethacrylate

MAC-10

11-Methacryloyloxy-1,1-undecane dicarboxylic acid

10-MDP

10-Methacryloyloxydecyl dihydrogen phosphate

MDPB:

Methacryloyloxydodecyl pyridinium bromide
PEGDMA

Polyethylene glycol dimethacrylate
TEGDMA

Triethylenglycol dimethacrylate
TCB

Butan-1,2,3,4-tetracarboxylic acid
di-2-hydroxyethylmethacrylate ester

https://doi.org/10.1016/j.dental.2018.11.012
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– Table 1 (Continued)

UDMA

Urethane dimethacrylate or 1,6-
di(methacryloyloxyethylcarbamoyl)-3,3,5-trimethylhexane

Bis-GMA

2,2-Bis[4-(2-hydroxy-3-methacryloyloxypropoxy)phenyl]
propane

BPDM

Biphenyl dimethacrylate or 4,4′-dimethacryloyloxyethyl
oxycarbonyl biphenyl-3,3′-dicarboxylic acid

PENTA

Dipentaerythritol pentaacrylate monophosphate

Initiators and inhibitors Structural formula

BPO

Benzoylperoxide (redox initiator)
BHT

Butylhydroxytoluene or butylated hydroxytoluene or
2,6-di-(tert-butyl)-4-methylphenol (inhibitor)

CQ

Camphorquinone or
1,7,7-trimethylbicyclo-[2.2.1]-hepta-2,3-dione
(photo-initiator)

EDMAB

Ethyl 4-dimethylaminobenzoate (co-initiator)
ODMAB

2-(Ethylhexyl)-4-(dimethylamino) benzoate (co-initiator)
TPO
Diphenyl(2,4,6-trimethylbenzoyl)-phosphine oxide

(photo-initiator)

Solvents Structural formula
H2O
Dihydrogen oxide or water

https://doi.org/10.1016/j.dental.2018.11.012
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– Table 1 (Continued)

EtOH
Ethanol or ethyl hydroxide
ACETONE (CH3COCH3)
Acetone or dimethyl ketone or propanone

TBA
Tert-butyl alcohol, tert-butanol

Additives and silane coupling agents Structural formula
Coupling agent A174
Methacryloxypropyltrimethoxysilane
NaF
Sodium fluoride

with hydroxyapatite [71]. Dissolved hydroxyapatite should
behave as a buffer [72,73], reducing the interference with
polymerization caused by a highly acidic pH [72,74,75]. The
acidity of self-etching adhesives, however, will probably not
be completely buffered from the demineralized hydroxya-
patite, resulting in continued etching [76] and sub-optimal
polymerization [45,76]. Self-etch adhesives are also charac-
terized by a high hydrophilic-monomer content, contributing
to the increased permeability of the hybrid layer to water
movement  [51,77,78], and leading to hydrolytic degradation
phenomena [17,27,37]. Hydrophobic monomers have been
included in one-step adhesives to obtain more  stable poly-
mers, but hydrophilic monomers tend to cluster prior to the
polymerization reaction, forming hydrophilic areas [79,80] and
water-filled channels [81] that allow water infiltration from the
dentin through the hybrid layer [51,63], ultimately turning it
into a porous structure with poor sealing ability (Fig. 3).

Water may remain trapped within the adhesive layer
during photopolymerization [53,54], and its presence at the
tooth/adhesive interface may cause a sub-optimal poly-
merization of the adhesive monomers [82], contributing to
increased permeability within the hybrid layer [55]. Moreover,
hydrophilic monomers have shown a lower conversion due
to adhesive phase separation phenomena [79] and incom-
patibility between hydrophilic monomers and hydrophobic
photoinitiators [83].

The use of a light source with an adequate radiant exitance
and using exposure times exceeding those recommended by
manufacturers has been shown to improve the degree of con-
version and reduce the permeability of simplified adhesives,
contributing to enhance their in vitro performance [45,46,84].
However, attention should be paid not to cause an excessive
temperature increase that can have a harmful effect on the
pulp, in particular when high power curing lights are used [85].

Recently, the inclusion of nanogel additives in dental
adhesives has been proposed to reduce water solubility and
improve the longevity of the adhesive layer [86]. Nanogels
are functionalized prepolymers in the form of crosslinked
globular particles that can be added to resin monomers,

such as those used in dental adhesives, without modify-
ing the conventional adhesive application procedure [86].
When the solvent is evaporated, nanogels tend to coalesce,
potentially reinforcing the adhesive resin network [86]. The
main advantage is that the combination of monomers into
macromolecular prepolymer agglomerates reduces phase sep-
aration, which is a desirable property when working on
hydrophilic surfaces [87]. Moreover, nanogel particles do not
tend to leach from the polymer network [88], thus producing
a more  stable adhesive interface.

Preliminary studies investigated different nanogel com-
binations in experimental bonding systems, reporting the
mechanical reinforcement of the adhesives without impair-
ing their degree of conversion and solvent evaporation [86],
and with a viscosity of the tested materials similar to that
of conventional adhesives [87]. Moreover, the microtensile
bond strength of nanogel-based adhesives seemed to be
improved in the short term [86]. Further research is nec-
essary to identify the optimal combinations, because the
effect of the inclusion of nanogel particles was related to
their hydrophilic/hydrophobic nature: the more  hydrophobic
nanogels lead to increased mechanical properties, while the
hydrophilic ones provided the highest dentin bond strength
values [88].

3.  Photoinitiators

During the polymerization reaction, hydrophilic and
hydrophobic monomers should adequately cross-link to
obtain a strong adhesive layer [89]. Nevertheless, the con-
current presence of hydrophilic and hydrophobic domains
has been frequently associated with nano-phase separation
phenomena, especially in simplified adhesives [90,91], leading
to the development of non-homogeneous adhesive layers.
Camphorquinone (CQ), the most common photo-initiator in
adhesive systems, has a hydrophobic nature, and may not
provide for optimal conversion of the hydrophilic monomers
[92].

Moreover, in self-etch adhesives, the degree of conversion
of systems based on CQ is negatively influenced by acidic
functional monomers, which inactivate the required amine
co-initiator through an acid-base reaction [75,93].
For this reason, the use of alternative hydrophilic photo-
initiators, besides conventional CQ-amine systems, has been
proposed [92,94]. Systems based on Norrish type I ini-
tiators, such as acyl phosphonates, acylphosphine oxides

https://doi.org/10.1016/j.dental.2018.11.012
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Fig. 1 – Light micrographs showing representative views of
nanoleakage interfacial expression along the hybrid layers
created by one-step self-etch adhesives. (a) Adhesive
interface produced by AdheSE One showing the highest
nanoleakage expression (arrows). (b–c) Adhesive interfaces
created by Adper Prompt L-Pop (b) and iBond (c), showing
minor silver deposits (arrows) mainly localized at the
bottom of the hybrid layer.
Reproduced from Navarra et al., Eur J Oral Sci 2009; 117:
4

a
p
a
b
h
o
p

the distance between radicals during the polymerization reac-
63–469, with permission.

nd bisacylphosphine oxides [95,96] have all been pro-
osed. Among these, TPO (ethyl 4-dimethylaminobenzoate
nd diphenyl(2,4,6-trimethylbenzoyl)-phosphine oxide) has
ecome a popular alternative initiator to improve the DC of

ydrophilic adhesive systems [89,92,94]. Indeed, the addition
f a water-compatible initiator reduced the phase separation
henomena [91] and improved the stability of the adhesives
 ( 2 0 1 9 ) e1–e22 e7

by increasing the polymerization of both hydrophilic and
hydrophobic domains [89] (Fig. 4). Using a mini-interfacial
fracture toughness (mini-iFT) test [71], the effect of TPO com-
pared to CQ on the DC and mechanical properties of an
experimental one-step self-etch adhesive formulation was
evaluated. TPO increased the DC of the tested adhesive, but did
not show a significant dark cure reaction when compared to
the CQ-based adhesives [71,97]. Also, bis(acyl)phosphine oxide
(BAPO) and phenylpropanedione (PPD) photoinitiators have
been shown to improve the DC of adhesive systems compared
to CQ [98–100].

Recently, a borate system (BO) [101] has been proposed in a
commercial one-step self-etch adhesive (One-Up Bond F Plus
— Tokuyama Dental). The exact mechanism of action of BO is
not well clarified [102–104], however, in experimental condi-
tions, BO leads to a high degree of conversion values.

It is evident that the degree of conversion of adhesives
is influenced by the constituent functional monomers. Thus,
the photo-initiator system should be selected according to
adhesive system formulation, considering the presence of
hydrophilic domains and solvents, avoiding potential conflicts
between the adhesive components and the photo-initiator
system [101]. Hydrophilic photoinitiators should be included
within the simplified adhesive formulations to ensure an ade-
quate DC at the adhesive interface and reduce degradation
phenomena.

4.  Solvents

Besides hydrophilic monomers, the priming components of
adhesive systems contain organic solvents to increase the
wettability and the infiltration of the adhesive resins into
the dentin substrate. Also, systems that combine primer and
bonding resins in the same mixture contain high percentages
(up to 50%) of solvents [13]. The most commonly used sol-
vents are water, ethanol, and acetone. They serve as diluting
agents of the resin mixture [27]. Ethanol and water are very
hydrophilic and promote the interaction between monomers
and dentinal water. In contrast, acetone acts by removing
water from the dentin [15]. After application, any solvent
must be adequately air-dried in order to be displaced from the
adhesive mixture [15]. Any residual solvent not properly evap-
orated prior to polymerization will remain integrated within
the adhesive layer [105]. As solvents used in adhesive dentistry
are not polymerizable molecules and cannot form networks
with the adhesive monomers, they may interfere with adhe-
sive polymerization and act as plasticizing agents, weakening
the polymer structure and reducing the physical properties of
the adhesive resin [15,84].

On the other hand, solvents decrease adhesive viscosity,
improving the infiltration of resin into demineralized dentin
and the mobility of monomers and growing polymer chains
[84,106,107]. Up to a certain degree, solvents can promote
the extent of cross-linking, but at higher concentrations, the
degree of conversion is reduced because of the increase of
tion [108]. Previous studies demonstrated that when adhesive
systems contain high solvent concentrations before photo-
curing, lower degrees of conversion are obtained [84]. Indeed,

https://doi.org/10.1016/j.dental.2018.11.012
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Fig. 2 – Significant inverse correlations (p < 0.05) between permeability and extent of polymerization (Ep%) for four
exemplifying adhesives.
Reproduced from Breschi et al., Dent Mater 2007; 23(9):1066–1072, with permission.

Fig. 3 – Illustrative steps of the in vivo analysis of the permeability of adhesives in accordance with Chersoni et al. [51]. A
cavity was prepared and bonded (a), and an impression of the cavity floor was obtained (b). After pouring a cast with epoxy
resin, specimens analyzed under FEI-SEM revealed water droplets emanating from the adhesive surface (c). These droplets
are the morphological evidence of water that seeped from the adhesive layer during the setting time of the hydrophobic
impression material forming major droplets as well as minor droplets (pointing finger) over the adhesive.
Reproduced from Breschi et al., Dent Mater 2008;24(1):90–101, with permission.

https://doi.org/10.1016/j.dental.2018.11.012
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Fig. 4 – (A–B) Representative DSC curves of adhesive resin mixtures solvated with 20% ethanol or 10% ethanol and 10%
water tested with different initiators systems: R2 (more hydrophobic) was the less affected by the presence of water
compared to R3 and R4 (more hydrophilic) that showed a smaller and broader peak related to the slower speed of reaction if
TPO (IS-1) was used.
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eproduced from Cadenaro et al., Dent Mater 2010;26(4): 288

he ideal solvent concentration for optimal polymerization is
igher than the optimal solvent concentration for physical
roperties of adhesive resins [108], as the highest mechani-
al properties of adhesives are achieved by polymerization of
nsolvated comonomers [108–110]. Thus, there are opposite
rends in adhesive dentistry: for instance, a 10–20% residual
thanol in the resin mixture prior to light-curing can be useful
o increase the degree of conversion, but this solvent con-
entration reduces the physical properties of the polymer [84]
Table 2). Lower mechanical properties of adhesive polymers
ave been previously associated with higher solvent content

111,112].
Residual water may also cause phase separation of

ydrophobic and hydrophilic groups in the adhesive mixture
79], adversely affecting the curing reaction by hampering the
evelopment of adequately cured polymers within the adhe-
ive layer [92,109]. Thus, solvent evaporation is mandatory
efore polymerization and should be performed thoroughly
o allow the monomers to remain close enough to react effi-
iently and to prevent the softening of the final polymer by the

esidual solvent.

Nonvolatile monomers with relatively low vapor pressure
hen mixed with solvents (e.g., water) reduce the solvent

vaporation ability in relation to the monomer concentra-
, with permission.

tion, as expressed by Raoult’s law [113]. This means that
in water–monomer mixtures, complete water evaporation is
not possible [113]. The same scenario also occurs in ethanol-
and acetone-based resin mixtures; in clinical conditions, as
the solvent gradually evaporates, the relative nonvolatile
monomer concentration rises, decreasing the vapor pressure
of the residual solvent and impeding complete solvent evapo-
ration [84]. For this reason, the optimal solvent concentration
must be determined for each adhesive formulation in rela-
tion to the resin composition and solvent type. Even though a
complete removal of the solvent is impossible, the evaporation
should be maximized, and the adhesive layer must be thor-
oughly and repeatedly air-dried to ensure adequate solvent
evaporation [114]. Manufacturers recommend air-drying times
of 5–10 s, not because it assures the most optimal evaporation,
but because they want to offer user-friendly products that are
considerate of the practitioner’s time [84]. Bond strength and
hybrid-layer homogeneity may be further improved applying
a warm, dry air-stream to evaporate the solvent following the
application of the primer or primer & bonding solution [115].
Independent of the type of solvent used, sufficient adhesive
polymerization is necessary to compensate for the negative
effects of low solvent evaporation [3,108]. Increasing the expo-
sure time beyond those recommended by manufacturers can

https://doi.org/10.1016/j.dental.2018.11.012
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Table 2 – Percent monomer conversion (DC) (mean ± SD)
values for five experimental resins and their respective
resin/ethanol mixtures (% comonomer/%EtOH), at
different exposure durations.

Resin 1 DC at 20 s DC at 40 s DC at 60 s
Neat 46.7 ± 1.1CD 53.3 ± 1.2EF 56.4 ± 1.5F

90/10 41.2 ± 1.0ABC 51.7 ± 1.1EF 53.5 ± 1.0EF

80/20 33.3 ± 1.1AB 45.2 ± 0.5CDE 49.8 ± 1.0CDEF

70/30 26.3 ± 1.7AB 41.3 ± 0.5BCD 48.3 ± 0.6CDE

Resin 2 DC at 20 s DC at 40 s DC at 60 s
Neat 50.4 ± 0.4A 54.1 ± 0.2B 55.5 ± 0.3B

90/10 63.7 ± 0.8C 68.2 ± 0.3D 70.2 ± 0.4E

80/20 66.6 ± 0.8D 75.2 ± 0.7F 79.8 ± 0.6G

70/30 51.0 ± 2.6A 75.0 ± 0.2F 81.5 ± 0.2G

Resin 3 DC at 20 s DC at 40 s DC at 60 s
Neat 53.0 ± 0.4B 57.0 ± 0.6C 58.4 ± 0.2C

90/10 69.5 ± 0.3E 72.2 ± 1.1E 74.9 ± 0.7E

80/20 65.5 ± 1.2D 82.7 ± 0.4G 86.3 ± 0.3H

70/30 39.7 ± 1.9A 78.1 ± 1.1F 88.8 ± 0.3H

Resin 4 DC at 20 s DC at 40 s DC at 60 s
Neat 55.5 ± 0.4B 59.3 ± 0.2C 61.2 ± 0.3C

90/10 68.8 ± 0.7E 74.6 ± 0.4F 76.8 ± 0.5G

80/20 61.0 ± 0.6C 82.2 ± 0.2H 86.0 ± 0.4I

70/30 30.4 ± 1.1A 63.8 ± 1.1D 83.5 ± 0.8H

Resin 5 DC at 20 s DC at 40 s DC at 60 s
Neat 55.5 ± 0.4B 60.9 ± 0.5C 63.6 ± 0.3CD

90/10 74.4 ± 0.6F 82.3 ± 0.6G 84.1 ± 0.4GH

80/20 67.6 ± 1.0DE 86.1 ± 0.9GH 87.9 ± 3.3H

70/30 41.2 ± 0.9A 71.8 ± 5.9EF 85.2 ± 0.5GH

Reproduced from Cadenaro et al., Dent Mater. 2009;25(5):621–628,
with permission.

The DC% values are expressed as mean values ± standard devia-
tions. Within any experimental resin system means followed by the
same superscript letter indicate no difference (p < 0.05) among each
resin. 90 res/10 et refers to 90 mass% resin/10 mass% ethanol. N = 5

Hence, another reason for putting the inhibitor into the adhe-
specimens per group. 90 resin/10et indicates 90 wt% resin/10 wt%
ethanol.

improve the degree of conversion and reduce adhesive perme-
ability, even in the presence of residual solvent [84,116,117].

5.  The  influence  of  MMPs  inhibitors  on
adhesives  polymerization

Since neither E&R nor SE adhesives can fully penetrate
the dentin collagen network, denuded collagen fibrils sur-
rounded by water are always present on the bottom of the
hybrid layer after the bonding procedures, and this is the
weak area of any resin-dentin interface [118–120]. In the
demineralized dentin, endogenous proteases, mainly matrix
metalloproteases (MMPs) and cysteine cathepsins, are reac-
tivated [18,121–123], and in the presence of water, they can
hydrolyze collagen fibers [59]. MMPs  are proteases dependent
on zinc and calcium ions to maintain their active state. The
true collagenases, MMP-1, −8, −13 and −18, are responsible for
collagen degradation [124]. However, they cannot initially bind
the collagen triple helix since the binding position is protected

by C-telopeptides, making the collagen triple helix structurally
positioned in such a way that the large collagenase molecule
cannot fit [125]. Hence, removing the protective telopeptides
 5 ( 2 0 1 9 ) e1–e22

is the key factor which facilitates the unwinding of the triple
helix and the collagenolytic activity of true collagenases [126].
The telopeptidases which enable this process are MMP-2 and
−9 [125]. Therefore, inhibition/inactivation of the MMPs  is con-
sidered a very important strategy for the preservation of the
hybrid layer [14,127].

There have been numerous reports on the beneficial
effect of protease inhibitors on the longevity of the hybrid
layer [128–134]. Primarily, agents that are able to influ-
ence the activity of endogenous dentinal enzymes can be
enzyme inhibitors, and collagen cross-linkers. The most
extensively investigated inhibitor is chlorhexidine (CHX)
[130,131,135–141], an antimicrobial agent with broad use in
dentistry, characterized by excellent substantivity both on
mineralized and demineralized dentin [142,143], and able to
inhibit MMPs in very low concentrations due to its chelat-
ing properties [144]. Another group of inhibiting agents are
the quaternary ammonium methacrylates (QAMs), which
are cationic antimicrobial molecules, which in certain cases
also demonstrate anti-MMP properties [145–147]. Methacry-
loyloxydodecylpyridinium bromide (MDPB) is an example of
a QAM that has already been incorporated into a com-
mercial adhesive system (Clearfil Protect Bond, Kuraray
Noritake Dental Inc., Osaka, Japan) [148,149]. The advantage
of MDBP is that it can copolymerize with methacrylates in
the adhesive resin, thereby keeping it from being leached
from the adhesive and serving as a contact-kill agent for
microbes [150,151]. Tetracycline and its analogs (doxycycline
and minocycline) also exhibit protease-inhibitory properties
[152–154].

On the other hand, the ability of cross-linkers to preserve
the hybrid layer can be attributed to several mechanisms. First,
they are reported to reinforce the collagen structure by mak-
ing additional cross-links between the collagen molecules,
making them less prone to hydrolysis. Second, they can
also cross-link MMPs and inactivate them by changing their
molecular mobility, further disabling the degeneration process
[155–157]. For instance, aldehydes, such as glutaraldehyde and
acrolein are very strong cross-linkers, but are perhaps less
convenient for clinical use due to their potential cytotoxic-
ity [158,159]. Therefore, agents with low cytotoxicity, such as
carbodiimides [133,160–163], and natural cross-linkers, such
as proanthocyanidin extracted from grape seeds [134,164,165],
have been extensively investigated. Due to their efficacy and
biocompatibility, they may more  appropriate candidates for
clinical use.

These inhibitors and cross-linkers have been initially
tested as separate primers in aqueous solutions and have
shown promising results [132,135,146,158,160]. However, in
accordance with the current tendency to simplify and reduce
the number of steps in the adhesive procedure, there have
been efforts to incorporate these agents into one of the com-
ponents of the adhesive system. Further, while cross-linkers
are thought to permanently inactivate the MMPS,  the effect
of inhibitors could be reversible, since they could leach out of
the hybrid layer, given their solubility in water (CHX) [166,167].
sive is to make it available for slow release from the adhesive to
prolong its activity and preserve the hybrid layer over a longer
period of time.

https://doi.org/10.1016/j.dental.2018.11.012
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Table 3 – Changes in degree of conversion (DC) and
modulus of elasticity (E) of experimental resins of
increasing hydrophilicity added with different
concentrations of CHX.

DC (%) E modulus (MPa)

R2
Neat resin 60.81 (0.48)b 908.59 (30.68)C

1% CHX 60.22 (0.17)b 1068.37 (8.48)B

R3
Neat resin 64.44 (0.47)c 1383.10 (21.26)A

1% CHX 64.64 (0.68)c 762.01 (1.50)E

5% CHX 59.96 (0.43)b 724.66 (16.69)D

R4
Neat resin 67.71 (0.71)d 843.25 (1.68)D

1% CHX 70.17 (0.66)e 648.57 (2.49)F

5% CHX 70.95 (0.87)e 621.37 (6.07)D

R5
Neat resin 56.08 (0.67)a 640.10 (8.60)F

1% CHX 60.32 (0.53)b 372.55 (2.12)H

5% CHX 59.79 (0.57)b 346.93 (24.03)H

Reproduced from Cadenaro et al., Dent Mater. 2009;25(10):
1269–1274, with permission.

Values are expressed as Mean (±SD). Different superscript lower
case letters indicate statistical differences between the groups for
DC (p < 0.05) n = 10/group. Different superscript upper case indicate
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spaces between collagen fibrils. In the case that nanoparti-
statistical differences between the groups for E modulus (p < 0.05).
n = 10/group. CHX = chlorhexidine.

Inhibitors and cross-linkers have been blended into exper-
mental and commercially available etchants, primers, or
dhesive resins, yielding mixed results. There are various risks
elated to adding a new component into a stable system, since
here could be repercussions on the quality of polymerization
nd mechanical properties of the adhesive. A recent study
168] found no adverse effects of the incorporation of CHX
igluconate (0.5, 2 and 4 wt%) into an experimental E&R adhe-
ive on the degree of conversion (DC). Cadenaro et al. [169]
lso found that the incorporation of 1% or 5% CHX within
esin blends of increasing hydrophilicity did not affect DC,
ut it decreased the elastic modulus significantly (Table 3),
hich stresses the need for comprehensive investigation of
ifferent mechanical properties of experimental adhesives
efore consideration for clinical use. CHX was further reported
ot to adversely affect DC, water sorption, ultimate tensile
trength or solubility of an E&R adhesive, while preserving
ond strength for 12 months [170]. Da Silva et al. [171] tested
xperimental E&R adhesives doped with several inhibitors:
alardin, Batimastat, GM1489, and CHX diacetate and showed
imilar results with CHX and GM1489. Moreover, although
ve different QAM-containing adhesive blends showed an

ncrease in DC, a decrease in Young’s modulus and ultimate
ensile strength was observed [147].

Another approach to be considered is the incorporation
f the cross-linkers into adhesive blends since they might
emonstrate multiple roles in resin-dentin preservation. For

nstance, quercetin is a flavonoid, an antioxidant with cross-
inking properties, known to down-regulate expression of

MP2  and −9 in prostate cancer cells. Gotti et al. [172] and
ang et al. both investigated the incorporation of quercetin

nto AdperTM Single Bond 2 (3 M ESPE, St. Paul, MN, USA)
172,173], and the former reported lower DC and bond strength

n the experimental adhesive blend, while the latter presented

 decrease in DC only in the group containing higher con-
entrations of quercetin, with the preservation of the hybrid
( 2 0 1 9 ) e1–e22 e11

layer over time. This discrepancy could be due to the dif-
ferences in the concentration of the active substance (5 wt%
vs. 100/500/1000 �g/mL). Gotti et al. also investigated two
other adhesive systems and different antioxidants, and only
the Clearfil SE (Kuraray Medical; Tokyo, Japan) presented no
impairment of DC in the experimental groups. The high vari-
ability in the achieved results leads to the conclusion that
the mechanical properties of a certain adhesive blend could
be impaired or improved depending on the physicochemical
interactions of the components of the adhesive system with
a therapeutic compound added in a certain concentration.
Hence, efforts should be directed towards matching appro-
priate inhibitors in adequate concentrations with appropriate
adhesive resin blends [174].

Adhesive systems doped with different therapeutic agents
could be less dependent on the composition of the adhe-
sive and concentration of the therapeutic agent if certain
fillers, serving as carriers of the active substance, could be
incorporated within the adhesive. This could have a double
impact, since fillers have been shown to improve mechan-
ical properties of adhesives [168], and the addition of an
inhibitor/cross-linker would not disturb the balance in the
liquid part of the adhesive. Hence, there would be a less
potential impact on polymerization quality. Moreover, some
of these carriers could be ‘programmed’ to release inhibitors
gradually, ensuring a prolonged inhibitory effect. There have
been several reports on such experimental adhesives recently.
Bottino et al. [175] first investigated whether incorporation
of Halloysite

®
nanotubes into an adhesive would influence

its mechanical properties. They found no differences in DC,
microhardness and bond strength compared to the control
when 20 wt% of nanotubes were added. Further, the same
group investigated whether encapsulation of doxycycline into
the nanotubes would cause changes in DC and microten-
sile bond strength, but the system remained stable [176].
Most recently, the authors loaded doxycycline into Halloysite

®

nanotubes and performed a comprehensive investigation of
the physicochemical properties of this adhesive, as well as its
anti-MMP potential [177]. DC and Knoop microhardness were
not impaired. The adhesive showed dose-dependent antimi-
crobial and anti-MMP properties while preserving cell viability.
Furthermore, Yan et al. [178] reported that CHX-encapsulated
mesoporous silica-modified (1 and 5%) dentin adhesives can
inhibit Streptococcus mutans while preserving DC and bond
strength after collagenase aging of 1 month. In the group
containing a higher concentration of the particles (10%), DC
as well as bond strength were impaired. This was probably
due to the tendency of nanoparticles to form clusters when
they are present in a higher concentration, which was con-
firmed using FEISEM. The release of CHX was measured for
30 days and reached a plateau after day 10. Other mechani-
cal properties of this adhesive should be investigated, as well
as its anti-enzymatic potential. Furthermore, the ability of
the nanocarriers of therapeutic agents to penetrate between
the demineralized collagen fibrils should be considered and
investigated due to their size and the small intermolecular
cles could not infiltrate resin tags, therapeutic agents could
not be delivered to the most critical parts of the hybrid
layer.

https://doi.org/10.1016/j.dental.2018.11.012
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Although all these approaches are valid, the most opti-
mal  way to singlehandedly reduce collagen degradation would
be biomimetic remineralization, which would protect the
collagen fibrils, cover and inactivate proteases, remove the
remaining water, and enhance the mechanical properties of
the hybrid layer. Recently, there have been reports that the use
of primers doped with analogs of phosphoproteins and Ca/P-
doped SE adhesives leads to biomimetic remineralization,
with the preservation of bond strength and better mechanical
properties of the hybrid layer [179,180]. Analogs of phospho-
proteins play a very important role in the mineralization since,
without them, the mineralization occurs only in the form of
extrafibrillar mineral deposits [14,181–183]. Before transiting
from this exciting in vitro to clinical concept, there is a long
path to be crossed, but the future seems to carry innovative
solutions, which could lead us to the next era in adhesive
dentistry.

6.  Pre-treatment  agents  of  the  dental
substrate

Tooth whitening is a common esthetic procedure, which may
be accompanied by some undesirable side effects. One of
these potential drawbacks is the lower bond strength of resin-
based restorative materials following the bleaching procedure
[184,185]. The bond strength reduction has been associated
with the residual oxygen derived from the hydrogen peroxide
contained in the whitening agent that remains entrapped in
the tooth surface, which can prevent the polymerization of the
adhesive monomers [186]. A delayed placement of the restora-
tion of at least 1 week following the bleaching procedure may
improve the bond strength, allowing the elimination of resid-
ual oxygen. If the bonding procedure cannot be postponed,
the use of antioxidant agents [187] or an increased polymeriza-
tion time may partly compensate for the conversion inhibition
[46,188].

Hydrogen peroxide can also be used as an endodon-
tic irrigant, to help in removing residual pulp-tissue and
debris produced by canal instrumentation. Similarly to tooth
whitening, canal irrigation using hydrogen peroxide has
been correlated to lower bond strength of resin adhesives
and cements [189]. Hydrogen peroxide reacts with sodium
hypochlorite, the most commonly used irrigant in endodon-
tics, releasing water and oxygen, both of which are able to
affect the polymerization of resin materials negatively.

In endodontics, RC-Prep (Premier Dental Products) is
used as a lubricant and demineralizing agent and contains
polyethylene glycol (Carbowax, Dow Chemical), which can-
not be completely eliminated by canal irrigation and has also
been found to inhibit resin polymerization, reducing the bond
strength of resin adhesives and cements. It has been shown
that the application of 10% ascorbic acid after RC-Prep use
can neutralize the negative effect of polyethylene glycol and
improve bond strength values [190].

Also, eugenol, a common component of some endodon-

tic sealants and zinc oxide–eugenol temporary materials, can
negatively affect bond strength values because it can infiltrate
the dentin substrate [191]. Eugenol is a phenolic compound
that can inhibit monomer polymerization, acting as a radi-
 5 ( 2 0 1 9 ) e1–e22

cal scavenger [192]. When eugenol-based materials are used
prior to the application of resin compounds, the contaminated
tooth substrate should be thoroughly cleaned both mechani-
cally and by scrubbing the surface with a detergent or alcohol
to remove the oily eugenol remnants, in order to prevent poly-
merization inhibition and bond strength reduction [193–195].

7.  Intraradicular  polymerization  of
adhesives

Following root canal treatment, non-vital teeth usually
demonstrate an extensive loss of dental structure and the use
of fiber posts and core systems to retain the final restoration
[196] has been widely investigated and supported by clinical
[197,198] and laboratory studies [197,199].

However, adhesion inside the root canal can be impaired
by several factors [27,200]. Besides the influence of endodon-
tic irrigants and cements already mentioned, the adverse
geometric feature of the root canal [201], the peculiar charac-
teristics of the post space [202] and possible incompatibilities
between simplified adhesives and dual-cure resin-based
cements [201] are important problems that affect polymeriza-
tion quality and, consequently, the bond strength within the
endodontic space. Some of these factors could not be limited
and attenuated by the control of clinical steps and are strongly
related to the root canal itself [203].

The cavity configuration factor (C-factor), defined as the
ratio of the bonded to the unbonded surface area, of an
endodontic post space has been estimated to be higher than
200, while coronal restoration values range between 1 and
5 [204]. During the polymerization procedure, the shrinkage
stress relief of resin-based materials is possible due to the
presence of large unbonded or freely shrinking, surfaces. How-
ever, when the unbonded surface area becomes small, there
is insufficient stress relief via resin flow and a high prob-
ability to cause debonding of the luting material from the
intra-radicular dentin [201]. Previous authors showed that the
geometric factors of the cavity have an important influence
on contraction stress, and post space depth has a greater
influence than does diameter [205]. Thus, considering the
configuration of the endodontic cavity, the development of
large contraction stress during the curing procedure cannot
be avoided, and can only be controlled through the rheological
and viscoelastic properties of the luting materials [200].

Furthermore, the narrow diameter of the post space limits
the passage of the curing light necessary for a correct polymer-
ization, and the depth of the post space reduces the radiant
energy in relation to the inverse square of the distance from
the light source, thus affecting the degree of conversion of the
material [206]. It has been demonstrated that a complete poly-
merization cannot be guaranteed when the material is placed
deeper than 4–5 mm because of the limited transmission of
light through intraradicularly placed adhesive [207,208]. Fur-
ther, the bond strength of fiber posts has been shown to
vary significantly based on the region of the root, with lower

strengths in the apical portion of the post space compared to
those in the coronal region [207].

For the above mentioned reasons an adhesive protocol
using a light-cured resin system is not considered ideal due

https://doi.org/10.1016/j.dental.2018.11.012
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o the influence of reduced light radiant power produced by
he shadowing of the tooth structure and the light scatter-
ng and attenuation within the resin cement and the post
209,210]. Therefore, both dual-cure adhesive systems and
esin cements, such as materials combining self-curing and
ight-curing capabilities, have been suggested. Although the
ual-curing systems allow use with limited light penetration,
ome authors reported that their activation is in any case
rimarily dependent on light presence [211,212]. Therefore,
ufficient light penetration and energy through the root canal
emains a fundamental requirement, even when dual-cure
esin cements are used for post-fixation [213,214].

Many post systems available on the market are claimed to
e ‘translucent’ and allow light to pass through the dowel lead-

ng to a higher initial polymerization of the resin cement [215].
owever, even if translucent, fiber posts will limit light trans-
ission to values lower than 40% of incident light and may not

uarantee an adequate degree of conversion of the resin espe-
ially at the tip end [211]. In addition, several studies reported
hat the light transmitted through the post was drastically
ecreased when the depth from the top of the post was more
han 4–6 mm [208,212,216], allowing insufficient transmission
f light to polymerize the resin [208,212]. Furthermore, several
anufacturers propose to light cure both the bonding agent

nd the dual cement through the translucent post. However,
he resin cement layer could prevent adhesive polymerization
ecause of light radiant power attenuation [217].

Some one-step self-etching adhesives are not compatible
ith chemically or dual-cured resin cements [218,219] due to

he acidic resin monomers present in these systems [204,220].
he acidic monomers tend to react with the basic aromatic

ertiary amines contained in the composite cement, inhibiting
ts polymerization [204]. Thus the use of one-step self-etching
dhesives is discouraged in combination with these luting
aterials, even though a ternary catalyst might help overcome

he acid-base reaction [204,220].
In contrast, three-step etch-and-rinse and two-step self-

tching adhesives that do not include an acidic monomer
n their bonding agent are compatible with chemically or
ual-cured resin cements because of the presence of the
ydrophobic adhesive layer, which works as an intermediate
oat preventing the contact with the acidic monomers and the
dverse acid-base reaction [218].

.  Curing  lights

hoosing a curing device may not be as simple as it seems
ecause not all light-curing units are comparable. There are
ariables in the light source type, in the light output and
n the configuration of the curing tip [221]. Halogen devices
ere once the most widely used light-curing units for a long

ime. These units produce both UV and white light that must
e filtered to minimize heat and ensure output of light pri-
arily in the blue region of the spectrum [222]. Most of the

otal energy produced by a halogen light is converted to heat,

hich must be dispersed using a small fan incorporated in the
evice, and no more  than 0.5% of the wavelength produced is
seful for polymerization [222,223]. The more  recent curing

ights introduced on the market are the LED units, based on
( 2 0 1 9 ) e1–e22 e13

light-emitting diode technology, which have become rapidly
popular due to their long service life, low weight and small
dimensions, the absence of any filters and the use of bat-
tery power that eliminates the need for cumbersome electrical
cords [222,223].

Each curing light emits its own spectral radiant power
and the wavelength emitted should match the absorption
peak of the photoinitiator used in the resin material [224,225].
The most common photoinitiator, camphoroquinone, has
an absorption peak in the visible range (centered around
468–470 nm). Alternative photoinitiators such as PPD and TPO
have lower absorbance peaks than CQ [223], being mostly
absorbing in the UV region, but extending to the low wave-
lengths of the visible (near 400 nm). Curing lights with a wide
spectral radiant power, such as the filtered light from halo-
gen lights, cover the absorbance peaks of all photoinitiators.
The narrow spectral radiant powers, such as that found in
single peak LED units, are unable to cure materials contain-
ing PPD and TPO as their light output was typically restricted
to above 420 nm.  However, some LED units have addressed
this issue by including both the main blue emitting LEDs
as well as additional violet emitting LEDs with outputs near
400–410 nm.  These “polywave”TM units have greater potential
to polymerize all of the photoinitiators currently being used
[223,224].

The parameter that manufacturers generally use to
describe a curing light is its tip irradiance (radiant exitance),
expressed as power per unit area (mW/cm2) according to
the ISO 10650 standard (ISO 2018) [226]. Usually, a pho-
tocuring unit should have a minimum radiant exitance of
600–1000 mW/cm2 [227]. In clinical practice, the irradiance can
be checked using in-office dental radiometers. Although these
devices may not be as accurate as using more  sophisticated
laboratory equipment [225], they typically are reproducible
and provide important information about the light output over
time [223]. Ideally the diameter of the detector needs to be
equal to or smaller than the light tip [223], and the radiometer
must be specifically calibrated for the light type being assessed
(halogen or LED). It is important to continually monitor the
curing unit, as light irradiance can be reduced due to chip-
ping and fracture of the light tip or the presence of cured resin
adhering to the light tip [228]. A recent survey performed in
U.S. dental offices showed that light-curing units used in clin-
ical practice had several problems, potentially affecting the
curing performance, suggesting that practitioners should be
more careful about the choice and the maintenance of curing
lights [229]. Light output can also be reduced up to 40% when
certain infection control covers are applied over the curing
tip [230,231], so the irradiance of the curing device should be
measured keeping the plastic barrier on to calculate the exact
output during clinical service.

Even though commercial dental radiometers can measure
the irradiance of the curing light, they do not provide any
information about its spectral radiant power. More  advanced
and precise equipment is necessary to perform such measure-
ments, such as calibrated spectrometer-based systems [225].

It is unlikely that dental offices are equipped with this kind of
instrumentations, so it would be useful for all manufacturers
to provide the spectral radiant power information along with
the directions for use for their curing units [225]. Spectral radi-
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ant power expresses the homogeneity of the beam emitted by
the curing device because the light is not uniformly distributed
across the curing tip. Some lights have a light beam uniformly
distributed over the entire light tip area, while in other lights
the beam is concentrated mainly at the center of the tip or
is unevenly distributed, with a spectral, or beam profile, char-
acterized by peaks and valleys [232]. This is particularly true
for many  poly-wave LED curing lights that must use multi-
ple LEDs, whose beam is not homogeneously irradiated due
to the locations of the different LED chips, resulting in “hot”
areas of high-intensity light energy and “cold” areas, where
only a small amount of light is being emitted [224,232]. In clini-
cal conditions, an inhomogeneous beam means that different
parts of the resin material may receive variable irradiance
levels, and potentially some areas may not be adequately poly-
merized [232]. This may be further complicated by the fact that
many light guides for LED curing lights have a small tip diame-
ter and do not completely cover the restoration area [233]. The
advice is then to cure each portion of the material, overlap-
ping surfaces to ensure complete photo-polymerization [223].
Changing the position of the tip is also recommended when
the curing tip is big enough to cover the restoration, but the
beam is not homogeneous [232].

9.  Polymerization  technique

Most dental research is conducted under ideal conditions with
the curing light fixed directly above the specimen. This does
not occur clinically and the actual distance between the tip
and the material is very important, both clinically and in
research because the irradiance received can be very differ-
ent as the distance away from the light tip increases or the
angle of the light tip to the specimen increases. For exam-
ple when curing dental resins within cavity preparations due
to the presence of cusps or matrix bands [228] or where the
operator is not looking at what they are doing, the distance or
angle of the light tip is not the same as in the laboratory [228].
In addition, using plastic barriers helps the operator to keep
the curing tip as close to the tooth as possible without con-
taminating the tip, but they reduce the tip irradiance. Indeed,
irradiance is strongly reduced as an inverse square relation to
the distance from the tip [234,235]. The gingival margin of the
proximal box of Class II restorations is particularly prone to
bond failure due to suboptimal light curing [228]. When cur-
ing adhesives in deep Class II boxes, exposure time should
be extended up to 40–60 s to guarantee an adequate degree of
conversion [236–238], but at the same time taking care not to
damage the pulp or soft tissues [239].

The distance of the tip is not the only thing that should be
controlled during light curing. Maintaining the tip at a right
angle, with the light tip parallel to the material surface, is also
important because an incorrect inclination of the curing tip
can significantly reduce the applied irradiance [228,240]. For
some lights, the size or the angle of the tip can limit access
to the restoration surface and thus the results obtained in

the laboratory using that particular light must also be veri-
fied under simulated clinical conditions, where tooth position
and the patient’s mouth opening can interfere with the correct
positioning of the light tip [228,240–242].
 5 ( 2 0 1 9 ) e1–e22

Wearing protective glasses to prevent acute and chronic
retinal damage from exposure to the blue light from curing
lights (the ‘blue light hazard’) has an additional major advan-
tage: the operator can watch what they are doing and keep the
light in the correct position [228].

In order to calculate the radiant exposure to obtain an ade-
quate polymerization, some have tried to apply the exposure
reciprocity law, where irradiance, described as milliWatt/area
(mW/cm2), is multiplied by the light exposure time to pro-
vide the energy/area delivered by the curing light [243,244].
This encouraged a tendency among manufacturers to suggest
that using a curing light that emitted a high irradiance could
reduce the exposure time. However, exposure reciprocity is
incorrect from a theoretical standpoint, and delivering a low
irradiance for a long exposure time does not give the same
results as delivering a very high irradiance for a short time,
and different combinations of time and irradiance can lead
to significant differences in the material properties [243,244].
Unfortunately, most manufacturers suggest a single exposure
duration regardless of the material type, shade, or clinical
distance from the tip. Usually, manufacturers of resin mate-
rials recommend specific exposure times for their products
that often do not match those of the light manufacturers.
Moreover, these instructions are usually based on ideal lab-
oratory conditions, using a new curing light, kept in direct
contact (i.e., at 0 mm)  with a material of known thickness
[225]. Rather than simply stating a exposure time, manu-
facturers should indicate the radiant exposure required to
properly cure their material [245]. Exposure time should be
extended to compensate for the attenuation of light radiant
power due to unfavorable clinical conditions. Additionally,
some previous studies have reported that the exposure time
recommended for dental adhesives are not adequate to obtain
an optimal polymerization, even under ideal laboratory con-
ditions [45,46], and longer exposure times are recommended.
However, increasing the exposure may result in the generation
of heat within the tooth and surrounding tissues. Even LEDs,
which were initially claimed to be “cold” lights when they were
first marketed, still produce heat up to 93% of their total energy
[246]. The temperature increase is more  pronounced during
photopolymerization of the adhesive as compared with com-
posites [247,248]. In case of a prolonged exposure, the tooth
should be air-cooled during the photocuring procedure, or an
interval of 1–2 s should be included after every 10 s of light
exposure [232].

10.  Conclusions

The stability of the adhesive layer is strongly influenced by the
degree of conversion of the bonding system. Several factors
may interfere with this reaction, and meticulous observance
of the adhesive application and the polymerization protocol
is necessary to guarantee optimal properties of the material.
Further research is needed to clarify the role played by the

output from the curing light and its osition in the photocuring
reaction and by molecules that have been proposed as addi-
tives in adhesive formulations to counteract the degradation
of the adhesive interface over time.
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